The importance of the gut microbiota in human health is currently in the spotlight. The composition of the gut microbiota has been linked to metabolic disorders 1 and inflammatory bowel diseases 2 for over a decade; however, recent advances in the field of oncology 3 and the discovery of the gut-brain axis 3 have broadened our understanding of the spectrum of diseases that are associated with changes in our gut microbiota. Surprisingly, interest in commensal microorganisms that have mutualistic relationships with humans and their roles in protecting us from external pathogens or contributing to metabolic pathways was neglected for a long time, despite the pioneering work of Metchnikoff, who first described the beneficial effects of probiotics 4 . The development of omics technologies, beginning with metagenomics, highlighted the role of gut bacteria in several disorders. However, these genomic technologies have provided a limited perspective as they cannot easily detect minority populations 5 . Intriguingly, they revealed that ~80% of the bacteria inhabiting the human gut were unknown and were thus considered unculturable at that time 6 . Concomitantly, environmental microbiologists developed new approaches to culture bacteria that cannot be cultured using conventional techniques, thus initiating the rebirth of culture in microbiology 7, 8 . This progress motivated the development of culturomics for discovering unknown bacteria that reside in the gut. The use of multiple culture conditions combined with prolonged incubation has permitted the isolation of hundreds of new bacterial species from the gut in less than 5 years 9 . In addition to increasing our knowledge of the repertoire of bacterial species, culturomics can provide bacterial strains that can be used for in vitro experiments and to confirm the role of specific bacterial species in disease pathogenesis using animal models. Furthermore, some bacterial species that are identified using culturomics may provide health benefits and therefore could represent future candidates for bacteriotherapy as probiotics. In this Review, we first discuss why and how culturomics was developed. We describe how culturomics has extended our understanding of bacterial diversity and then explore how culturomics can be applied to study the human microbiota and its potential benefits for human health.
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Microbiota and metagenomics
Metagenomics was first used to comprehensively describe the composition of complex environmental microbial ecosystems, such as the pioneering work that characterized microbial populations in sea water 10 . After seminal studies described the diversity of the gut microbiota from stool samples or colonic biopsies from healthy individuals 6, 11, 12 , further studies of bacterial diversity within the human gut led to the realization of Microbiota Consortia of microorganisms living in a defined environment.
Commensal
Microorganism that colonizes its host without causing disease.
Culturing the human microbiota and culturomics
Jean-Christophe Lagier 1 , Grégory Dubourg 1 1, 3 , Florence Fenollar 4 , Anthony Levasseur 1 relationships between the gut microbiota and obesity, diabetes mellitus, inflammatory bowel diseases and colorectal cancer 13 . Metagenomics has been widely used to identify microorganisms that are associated with a physiological state or with disease. However, the challenge of discriminating between species because of short read lengths 14 makes their precise taxonomic assignment difficult. This challenge potentially explains why the most robust associations that have been observed between bacterial species and the human gut concern species that are unique in humans among their genus. Nevertheless, recent developments in sequencing have enabled identification beyond the species level (that is, the strain level), but only for dominating populations 15 .
Major advances in bioinformatics have also enabled the analysis of entire sequence data sets using similarity algorithms or clustering tools without taxonomic assignment 14 . However, further developments are still needed, including, for example, the optimization of online tools that shorten the amount of time it takes to analyse sequencing data and reduce the heterogeneity in taxonomic assignment between different laboratories 16, 17 . Beyond taxonomic identification, shotgun sequencing of microbial DNA enables functional annotation of genes and thus informs the functional potential of the community 18 . However, despite these advances, some limits have arisen because of differences in protocols between laboratories, particularly concerning DNA extraction or the choice of methods for bioinformatics analyses. Moreover, high-throughput sequencing methods are particularly susceptible to depth bias owing to the difficulty in detecting microorganisms at very low levels 19 ( Fig. 1) . Several sequencing strategies have been developed to enhance the detection of minority populations when there is sufficient read depth (also called sequencing coverage) 20, 21 , but it is difficult to evaluate how effective these methods are, as comprehensive analyses by both culture and high-throughput sequencing methods are rarely performed. Nevertheless, two studies revealed a substantial overlap between cultured and uncultured samples 22, 23 . Despite improvements in sequencing depths, considering that stool samples contain ~10 10 9 reads to achieve a comparable sensitivity to culture, which, to the best of our knowledge, has not yet been achieved. Aside from the depth bias, many sequences remain unassigned, corresponding to the microbial dark matter 24 . Unlike culture techniques, metagenomics cannot determine whether a bacterium is dead or alive; metagenomics sequences only a portion of the total pool of DNA 25, 26 . Furthermore, it is challenging to determine the activity and physiological state of a microorganism using DNA sequencing. However, substantial advances in bioinformatics have led to the recent development of an algorithm that generates a replication index using metagenome sequencing data from a single time point.
Some of the drawbacks associated with sequencing could be addressed by assessing coding potential alongside gene expression patterns in bacterial populations by integrating metagenome with metatranscriptome data. Similarly, metabolomic and metaproteomic data and culture 5, 22, 23, 27 can be integrated with metagenomic data to provide insight into the function of bacterial communities in the gut.
Culturomics
Culturomics is a culturing approach that uses multiple culture conditions, MALDi-TOF mass spectrometry and 16S rRNA sequencing for the identification of bacterial species. Before describing culturomics, we will briefly describe the contribution of environmental and clinical microbiologists, as well as the advent of identification methods such as MALDI-TOF mass spectrometry and molecular tools that led to the development of microbial culturomics.
The rebirth of culture in environmental microbiology. The first studies that initiated the rebirth of culture were performed by environmental microbiologists. For example, a 2007 study mimicked the natural environment of bacteria by incubating environmental samples in a diffusion chamber to increase the number of growing bacteria and the diversity of recovered isolates 28 . In a recent comprehensive review, among the 14,300 known prokaryotic species, only 2,172 prokaryotes species (~15%) have been isolated at least once from humans, and the other 12,128 (~85%) have been isolated from the environment 29 . The "great plate count anomaly" is a phrase that was coined by Staley and Konopka in 1985 to describe the difference between the number of cells from natural environments observed using microscopy and the number that form viable colonies on agar medium, which is significantly lower 30 . Environmental microbiologists have largely studied the basis of this difference to increase the proportion of microorganisms that can be cultured from environmental samples 31 . To detect minority populations, environmental microbiologists were the first to use dilution culture 32 , which was subsequently used to study the human gut microbiota 23 . Dilution culture consists of successive dilutions of the bacterial population to the point of no bacterial growth 32 . In parallel, environmental microbiologists developed culture methods and media that mimic the natural environment of microorganisms. For example, Candidatus Pelagibacter ubique (previously known as SAR11) was successfully cultured using a mixture of components from sea water 33 . This species was considered unculturable for a long time, despite the observation that more than one-quarter of the total number of reads were derived from its genome in ocean surface water sequencing surveys. This first culture, as well as the first culture of other members of the SAR11 clade of α-proteobacteria, has been the necessary basis for several further studies that increased our understanding of relationships between marine bacteria 34 . The use of diffusion chambers in which two membranes allow environmental nutrients to enter but confine bacterial cells has enabled the simulation of natural environments in the laboratory 7 . Their use has increased the number of cultured colonies 300-fold 7 . In addition, co-culture has allowed the culture of bacteria from different environments as
Probiotics
Living microorganisms that can be beneficial for health.
Metagenomics
Shotgun sequencing of DNA isolated directly from a specific environment.
Bacteriotherapy
Administration of live microorganisms, alone or as complete ecosystems, to improve human health. FMT is an example of bacteriotherapy.
Microbial dark matter
Unassigned sequences from metagenomic studies.
MALDI-TOF mass spectrometry
Combination of a soft ionization method (MALDi) with mass spectrometry, enabling the identification of proteins through their mass and their charge number.
Diffusion chamber
A method that allows microorganisms to grow in their natural environment, the inoculum being sandwiched between semipermeable membranes of the chamber, allowing a free exchange of chemicals with the external milieu.
co-culture can provide growth-promoting factors that are secreted by other prokaryotes 35 . Finally, the elucidation of interbacterial communication pathways enabled the identification of deficiencies in nutrients and signalling molecules in standard media that are required for bacterial growth, which could then be added to medium formulations 36 .
The culture of fastidious bacteria by clinical microbiologists. Some microorganisms need specific culture conditions for growth. Among them, fastidious microorganisms will grow only if specific nutrients are present. Similarly, obligate anaerobes are unable to grow in the presence of oxygen.
The revival of culture in clinical microbiology laboratories was initiated by microbiologists that specialize in the culture of intracellular bacteria. For a long time, these bacteria could be cultured only by animal inoculation or the use of embryonated eggs. The use of systems to culture intracellular bacteria that are associated with human diseases was first demonstrated for some Rickettsia species, including Rickettsia felis, and Tropheryma whipplei, the causative agents of rickettsiosis and Whipple's disease, respectively 37, 38 . The shell-vial technique, including a fundamental step of centrifugation of clinical samples, is an example of a procedure that is used in laboratories specialized in culturing intracellular bacteria 39 . Later, genome sequencing of isolates obtained in pure culture enabled the identification of metabolic deficiencies and thus the design of axenic media. The design of new axenic media formulations guided by genome sequencing has been demonstrated for Coxiella burnetii (the causative agent of Q fever), T. whipplei and specific Chlamydia species generate results has substantially decreased over the past decade owing to integrative workflows. Sequencing enables uncultured bacteria to be identified and associates microbial signatures with a particular physiological state or disease as the relative abundance of each taxon can be measured. In addition, bacterial species can be grouped without taxonomic assignment. Shotgun sequencing enables the function of microbial communities to be inferred through the analysis of genomes and the coding potential. However, these methods are limited by the heterogeneity of the protocols used. Discrepant results can be obtained depending on the method used to extract DNA or the primers that are used for amplification. The variety of methodologies proposed for bioinformatics analyses (for example, operational taxonomic unit clustering, taxonomic assignment or statistical analysis) can substantially affect the results. Sequencing methods cannot discriminate between live bacteria and transient DNA , and despite recent progress, they cannot easily detect minority populations (for example, bacteria that are present at <10
cells per gram of faeces).

Obligate anaerobes
Organisms for which atmospheric oxygen concentration is toxic.
Shell-vial technique
A centrifuge-enhanced tissue culture assay.
Axenic media
Host-cell-free growth culture media.
(causative agents of pneumonia and sexually transmitted infections, respectively), facilitating the comprehensive study of intracellular microorganisms 40 . Easy culturing of these intracellular bacteria on solid media improved our knowledge of their pathogenicity, antibiotic susceptibility and virulence and led to the design of experimental models and new diagnostic tools 40 .
Anaerobes are dominant members of the healthy human microbiota, especially in the human gut microbiota, but only a limited number cause human infection. Culturing obligate anaerobes is a challenge for microbiology laboratories. Indeed, culturing obligate anaerobes requires specific bacteriological equipment to provide an oxygen-free environment, as well as specialized reagents, including complex media with many supplements; anaerobic culture media must contain carbon sources, macroelements, metals and some growth factors. Animal tissues (brain, meat or heart tissues) were first used in 1890 to supplement culture media and constituted the first nonselective culture media. Eggbased culture was then developed to culture Clostridium and Fusobacterium species. Thioglycolate, a versatile liquid culture medium, has been one of the most widely used media in clinical microbiology. Selective culture conditions have included the use of agents such as antibiotics, bile and dyes (such as crystal violet) or physical processes (such as heat shock).
For growth in the absence of oxygen, a range of systems have been successively designed, such as anaerobic jars, GasPak systems and anaerobic chambers 40 . Hungate first revolutionized the culture of extremely oxygensensitive microorganisms, including sulfate-reducing bacteria and methanogenic archaea 41 . His method was based on using roll tubes to replace atmospheric oxygen with other gases, such as N 2 , CO 2 or H 2 . Nevertheless, this technique is time consuming, requires a high level of training and is used in specialized laboratories.
The first culture studies that explored the gut microbiota were performed as early as the 1970s 42 and studied how diet can influence the composition of the gut microbiota 43 . Interestingly, these early studies observed that some bacteria are associated with cancer 44 , as suggested later 32 . Overall, Enterobacteriaceae and Veillonellaceae families were the most common among the 400 different cultured species from the human gut microbiota during the 1970s 45 . At that time, the normal microbiota was thought to be dominated by non-spore-forming, anaerobic, rod-like bacteria. Interestingly, many of the dominant species that were identified in 1995 (reF.
46 ) correspond to the same dominant species that were subsequently detected by metagenomics 47 .
More recently, although they usually grow in strict anaerobic conditions, Ruminococcus gnavus, Prevotella nigrescens, Fusobacterium necrophorum, Finegoldia magna, Solobacterium moorei and Atopobium vaginae were successfully cultured in an aerobic atmosphere. The authors used Schaedler agar supplemented with high doses of glutathione and ascorbic acid 48 . Although the mechanism is unknown, the high concentration of antioxidants compared with those used in previous studies is thought to have a role. In a larger study in which uric acid was added to culture media, 276 bacterial species, including 82 strictly anaerobic bacteria, were successfully cultured aerobically 49 . A 2016 study isolated different strains of methanogenic archaea that are extremely oxygen-sensitive in the presence of Bacteroides thetaiotaomicron, which was used as a hydrogen source in a double-chamber flask 50 . These examples exemplify the substantial contribution of clinical microbiologists in culturing prokaryotes associated with humans.
MALDI-TOF mass spectrometry for microbial identification. Sequencing universal genes is crucial for the identification and classification of bacteria. Thus, 16S rRNA gene amplification and sequencing was proposed as a universal bacterial species identification method. Nevertheless, despite the advantages of this molecular technique, it is costly and time consuming, which limits its use in high-throughput culturomic studies. Therefore, a cost-effective and rapid screening method for the identification of bacteria was needed. In 1959, the concept that microorganisms could be identified on the basis of their chemical composition was proposed 51 . In 1975, specific biomarkers that are possessed by Gram-negative bacteria were identified 52 , and for three decades it was assumed that matching protein mass spectra against libraries of references using an algorithm would enable us to accurately identify bacteria. However, technical and time limitations hindered the development of mass spectrometry for microbial identification and its use in clinical microbiology 53 . In 2009, the first use of MALDI-TOF mass spectrometry in a routine clinical microbiology laboratory for accurate identification at both the genus and species levels was reported 54 . MALDI-TOF mass spectrometry is both time effective and cost effective, and the reproducibility of the results and the fairly low level of user training that is required have increased its use worldwide, so much so that MALDI-TOF mass spectrometry became the reference method for bacterial identification in clinical microbiology 55 . As the culturomic approach could not exist without rapid identification tools, this breakthrough has enabled the design of culturomic studies to explore complex ecosystems, such as the human gut microbiota.
Culturomics and the human microbiota
Culturomics is a high-throughput culture method that uses MALDI-TOF mass spectrometry to identify bacterial species. In its development, the first objective was to enable the method to provide multiple culture conditions, promoting the growth of fastidious bacteria from the human gut. This result was achieved by improving culture media using blood and rumen fluid in blood culture bottles to promote the growth of minority populations (Fig. 2) . In the first culturomic study, 212 culture conditions generated more than 30,000 colonies that were subsequently analysed by MALDI-TOF. Indeed, 341 bacterial species were cultured, including 31 new bacterial species and species belonging to rare phyla, such as Synergistetes or Deinococcus-Thermus 5 . Interestingly, more than half of these 341 bacteria were identified from the human gut for the first time.
Anaerobes
Organisms that do not require oxygen for growth.
Schaedler agar
Solid culture medium recommended for the isolation of anaerobic bacteria from clinical specimens.
An analysis of the results of this study enabled the identification of 70 useful culture conditions, among which 18 were considered as the best for the identification of bacteria from stool samples. The identification of these optimal culture conditions enabled a larger number of samples to be tested in later studies 31 . Our knowledge of the repertoire of human gut bacterial species was further increased by analysing the literature to identify the weaknesses of the first culturomic studies, identifying the bacteria previously found by other studies but not yet by culturomics. Indeed, efforts were focused on culture conditions for Proteobacteria spp., microaerophilic species and halophilic species as these species were not readily identified using culturomics 9 . The use of fresh stool or samples collected from different levels of the gut also enabled the culture of a large number of oxygen-sensitive bacterial species. In addition, the detection of microcolony-forming bacterial species was achieved through the use of magnifying glasses 9 . Overall, the culture condition that yielded the most identifications was the preincubation of samples with rumen fluid and sheep blood in anaerobic conditions 9 . In parallel with these culturomic studies, a number of other strategies were also developed to identify bacterial species and increase our knowledge of the repertoire of bacteria in the human gut. First, in order to separate single cells to detect minority populations, the 'dilution to extinction' technique was employed 56 . This technique can be applied in microplates for highthroughput cultivation 23 . This principle enabled the first isolation of two bacteria considered to have clinical importance (Faecalibacterium prausnitzii and Akkermansia muciniphila) 57, 58 . Interestingly, some specific growth requirements have been identified for these species, including supplementation with mucin for A. muciniphila and acetate for F. prausnitzii. Recently, high-throughput sequencing methods and culturedependent techniques were combined to develop a new technique that uses microfluidics to isolate and identify new bacterial species. Using this approach, a new genus belonging to the Ruminococcaceae family 59 was identified. The roles of important and abundant gut butyrate-producing bacteria, such as Faecalibacterium and Roseburia species, have also been identified using culture techniques 60, 61 . The characterization of xylanolytic microbial communities from human faeces has allowed for the detection of new bacterial species, such as Bacteroides intestinalis, Bacteroides dorei and Roseburia intestinalis 62 .
More recently, targeted phenotypic culturing was used to identify sporulated bacteria by first preincubating faecal samples with ethanol to enrich the number of spores. This preincubation enabled the culture of 137 bacterial species, including 69 new bacterial taxa 22 . The authors found that ~55% of the bacterial genera in the gut microbiota of healthy individuals were able to produce resilient spores. In addition, they suggested that these bacteria were adapted to host-to-host transmission. This method was an interesting approach because, in contrast to culturomics, a single culture medium was inoculated.
Overall, these recent studies have more than doubled the number of bacterial species that have been isolated from the human gut, allowing us to investigate the phenotypes and functions of these isolates. In addition, whole genome sequencing of all these bacteria will facilitate the interpretation of future metagenomic studies.
The major drawbacks of culturomics remain the major workload and the inability to test as many samples as other methods, such as metagenomics. In addition, despite the progress since its inception, culturomics cannot identify the so-called 'not yet culturable' microorganisms. Finally, culturomics does not directly provide data on gene expression and the function of bacterial species as genome sequencing of the newly isolated microorganisms is required to assess its functional potential.
Consequences of culturomics
Increase in the number of known bacterial species. Before the initiation of the first culturomic project, 13,410 bacterial and archaeal species were known and only 2,172 species from humans had been cultured 63 . The application of culturomics to various projects, and specifically the human microbiota, has identified bacteria that were previously found in humans and some that were not 29, 64 . Fig. 2 | The culturomic workflow. Culturomics was originally designed to identify new bacterial species in the gut microbiota, but it has since been applied to other microbiota, such as the human vaginal and urinary microbiota. The first step of culturomics is to divide the sample and diversify the sample into different culture conditions (part a). The culture conditions were designed to suppress the culture of majority populations and to promote the growth of fastidious microorganisms at lower concentrations (part b). However, targeted culture conditions were used to recover specific taxa. An important feature of culturomics is the rapid (<1 hour) identification by MALDI-TOF mass spectrometry , which relies on the comparison of the protein mass spectra of the isolate with an upgradable database (part c). If identification fails, the isolate is subjected to 16S ribosomal RNA (rRNA) sequencing (part d). If there is < 98.65% similarity to the closest official strain, the isolate could be a new species. The discovery of new taxa is confirmed by genome sequencing (part e), and taxonogenomics is used to formally describe the bacterium. All identification results are compared with a database that contains bacterial species recovered from humans. The identification of new species by culturomics has increased the repertoire of bacterial species associated with humans (part f).
Xylanolytic microbial communities
Communities containing prokaryotes with the ability to degrade xylan.
Culturomics has mostly been applied to the human gut microbiota in comparison with other ecosystems. Only 688 bacterial species and 2 archaeal species had been previously identified in the human gut, whereas 1,057 prokaryotic species were cultured when culturomics was first performed on a variety of stool samples, thus expanding the repertoire of bacterial species in the human gut microbiota 9 (Fig. 3) . Since that time, the isolation of 73 additional species from the human gut, 13 new species from the urinary tract, 15 species from the vaginal tract, 9 species from the respiratory tract, 2 species from human skin, 1 from human colostrum and 1 from the foot of an individual with osteomyelitis have been reported (Supplementary Table 1) .
Overall, culturomics has markedly increased the number of species associated with humans, bringing the total to 2,671 species. Indeed, culturomics enabled ~23% of the current repertoire of the bacterial species to be cultured at least once from a human sample.
From commensals to pathogens. With very rare exceptions (for example, the causative agents of cholera, plague and tuberculosis), human bacterial pathogens are all commensals as they are able to colonize human body sites without causing any infection. This observation has led microbiologists to reconsider their view of the nature of commensals and pathogens. For example, bacteria currently considered beneficial for health 65 , including A. muciniphila or Christensenella minuta, were first isolated as commensals 57, 66 but were lately recovered from clinical specimens as disease-causing agents 67, 68 . Of note, A. muciniphila was identified in a bacteraemia episode using culturomics. Further evidence is needed to determine the potential pathogenicity of these bacterial species. In the future, the sharing of MALDI-TOF databases between culturomic and diagnostic microbiology laboratories is expected to facilitate the identification of potential pathogens from clinical specimens. In that respect, 12 new species that were previously cultured in a gut microbiota culturomic study were later isolated from 57 clinical specimens with various clinical features. Of these 12 new species, 11 were anaerobes, reflecting that a substantial proportion of new species isolated from the human gut do not tolerate oxygen. Some of these species were also recovered from clinical specimens but were thought to be present owing to their colonization rather than causing disease. As an example, Clostridium saudiense and Clostridium massilioamazoniense (formerly deposited as Clostridium sp. ND2) were cultured from stool samples and plated onto Clostridium difficile-specific media. This highlights the need to make the mass spectra from these new taxa available to enable their identification by any clinical microbiology laboratory in order to determine whether the presence of these bacteria is transitory or of clinical significance. The recurrent isolation of species in a specific clinical context, such as Actinomyces ihumi or Peptoniphilus grossensis from abscesses, suggested that they have a major pathogenic role 9 . Similarly, the anaerobic Bacteroides timonensis was recovered from blood, which is a sterile site; thus, it is unlikely to be a contaminant. These examples led to the consideration that clinical microbiology laboratories are likely to identify what is already known to exist rather than discover unknown microorganisms. Overall, culturomics has led to the inclusion of new taxa in MALDI-TOF mass spectrum databases, thus increasing the number of pathogens that can be identified from clinical specimens.
Reporting new taxa. Culturomics has led not only to an increase in the number of known human-associated bacteria but also to a change in the methods that are used to describe unknown bacteria. At the first stage of reporting a new bacterial species, taxonogenomics (BOx 1) was introduced to describe newly isolated bacteria in a consistent format that integrates different data types such The increase in the bacterial repertoire associated with humans was facilitated by new culture methods for detecting rare and minority populations. Genome sequencing of these novel bacteria as a part of taxonogenomics enabled the sequence databases that are used for taxonomic assignment of high-throughput metagenomic studies to be updated, enabling the illumination of the microbial dark matter (that is, unassigned sequences from metagenomic studies) through precise identification of bacteria that would otherwise have been assigned an operational taxonomic unit. Sequencing also led to the identification of associations between the presence or absence of taxa with health or disease states. In parallel, updates of the MALDI-TOF databases used for routine identification of pathogens in clinical microbiology laboratories enabled the detection of new taxa from clinical specimens, contributing to understanding their roles in health and disease. Deposition of all isolates recovered in culturomic studies in a strain collection increased the availability of strains for in vitro and in vivo experiments, potentially leading to their use as probiotics. Considering the recent discovery of novel antimicrobial agents produced by human commensals, such strain collection could facilitate the search for new antibiotics.
Taxonogenomics
Modern approach to describe new taxa isolated from culturomic studies combining genome sequencing and phenotypic information.
as MALDI-TOF mass spectra and genome sequencing data. New species announcement formats have also been created that include only GenBank 16S rRNA accession numbers and a collection of strain numbers to facilitate the quick dissemination of new species discovered by culturomics (BOx 2).
From operational taxonomic units to bacterial species. Operational taxonomic units (OTUs) generated by metagenomic studies consist of clusters of DNA sequences from unidentified organisms and are used to classify groups of closely related microorganisms. The impact of culturomics could be measured by the reduction in the number of these unassigned OTUs by increasing the number of cultured species. Sequencing of the hypervariable regions of the 16S rRNA gene is the gold-standard marker for taxonomic assignment. During the profiling of 16S rRNA genes, all sequences are passed through quality filters and clustered. By definition, OTUs include all clustered sequences within a percentage sequence similarity threshold (typically 97%). Although one of the main advantages of OTU clustering is the time of the analyses, the biological interpretation of these OTUs remains a challenge. Each OTU, which is representative of each cluster, constitutes a tremendous source of information that highlights our current inability to access the entire repertoire of microbial genetic diversity. Integrating OTUs in metagenomics has paved the way for deciphering the genetic diversity in the microbiome. Many bioinformatic tools have been developed to assign species and OTUs in metagenomic samples [69] [70] [71] . These tools greatly simplified the attribution of OTUs to metagenomic samples. As a result, the considerable amount of data provided by OTU assignments requires rigorous classification of each OTU and systematic comparisons of metagenomic samples using standardized analyses. A recent study enabled unidentified species to be classified by integrating metagenomics with culturomics 9 . Indeed, preliminary studies found that only 15% of species were found using either approach 5 . For example, one study demonstrated that among the 247 new species that were identified, more than 50% were assigned to specific OTUs 9 . Notably, analyses of 84 metagenomes from stool samples revealed many potentially new species, as reflected by the considerable number of OTUs (4,158). The unexplored microbial world -known as the microbial dark matterwill be progressively revealed using multidisciplinary approaches (Fig. 3) .
Exploration of changes in the gut microbiota associated with disease. As bacterial cells are the 'units' of a microbiota, pure culture is a crucial step in deciphering the role of specific microorganisms and/or the microbiota in host health (Fig. 2) . Although metagenomics has revolutionized the study of the human microbiota, it still does not easily differentiate between strains among species, nor does it provide biological material for further studies. Consequently, pure culture remains an indispensable step in characterizing the relative role of microorganisms in health and disease. Below we describe two recent examples of the contribution of culturomics in understanding changes in the gut microbiota that are associated with disease.
Some intestinal bacteria (Clostridium neonatale, Clostridium perfringens, Clostridium butyricum and uropathogenic Escherichia coli) were recently reported as associated with necrotizing enterocolitis (NEC) in preterm neonates. Culturomics led to the detection of toxigenic C. butyricum strains in patients in a casecontrol study that included 15 neonates affected by NEC and 15 controls 72 . Interestingly, only a retrospective analysis of metagenomic data performed on the same stool samples detected an over-representation of this bacterial species in patients, whereas routine analyses did not observe any change. In addition, toxin secretion could be confirmed only using culture. Bacteriotherapy (that is, restoring the commensal gut microbiota) could be a promising treatment for this severe disease, which affects up to 10% of neonates with a very low birthweight.
In another example, after age and geography 73, 74 , nutrition is the main determinant of gut microbiota composition and maturation. Severe acute malnutrition was found to be associated with global gut microbiota immaturity 75 combined with a reduction of the bacterial load and bacterial diversity of all bacteria 74, 76 . Different strains of the same species can be depleted or enriched following malnutrition, and they can be beneficial or deleterious when inoculated in experimental models 77 . One recent hypothesis is that malnutrition during infancy may result in the irreversible loss of beneficial gut microorganisms. This hypothesis may explain the ~10% therapeutic failure and the ~4% mortality rates despite a therapeutic diet and antibiotics 78, 79 . As a result, further therapeutic options should include supplementing the absent bacteria (that is, well-characterized strains) in addition to a therapeutic diet and targeted antibiotics 76, 78 . Culturomics was applied to a cohort of individuals from Niger and Senegal affected by kwashiorkor who were compared with controls from the same countries. Although metagenomics was helpful for
Box 1 | Taxonogenomics
Taxonogenomics is a new concept that describes new microbial species using genetic and phenotypic criteria set by the scientific community as well as the latest genomic and proteomic data. Taxonogenomics enables further exploration of microbial diversity and clarifies the boundary between two distinct species. Indeed, since the earliest taxonomic studies, it has been acknowledged that the description of a new microbial species requires a panel of standardized morphological and biochemical characteristics to justify the differences between the potential new species and those in the same genus and the similarities that justify its assignment to this genus. In the early 2000s, the development of PCR techniques and 16S ribosomal RNA (rRNA) gene sequencing affected this classification, showing that the large phenotypic differences between two strains could be due to negligible genotypic differences and do not support their classification as two distinct species. Currently, a threshold of 98.65% in the 16S rRNA sequence similarity is required to evaluate whether two bacterial isolates belong to distinct species 113 . This new standard resulted in the reclassification of a large number of species. However, taxonomic studies showed that this threshold was not applicable to many genera that had a higher level of 16S rRNA gene sequence variability. Therefore, 16S rRNA gene sequencing analysis is not a universal tool and is not sufficient to estimate the full range of microbial diversity. The development of fast, lowcost, complete genome sequencing techniques (for example, alternative methods of DNA-DNA hybridization 114 ) will enable the development of new, powerful tools to analyse and describe new microbial species discovered by culturomics.
Operational taxonomic units.
Clusters of DNA sequences from unidentified organisms organized according to their DNA sequence similarity.
Microbiome
All genes and genomes of a microbiota.
Kwashiorkor
Clinical nutritional disease including irritability, diarrhoea with indigested food, swelling of the hands and feet (nutritional oedema), general puffiness of the face (moon face) and skin changes (depigmentation and thickened black and crumpled patches with peeling and rash).
screening potential microbial signatures of kwashiorkor, it was culturomics that identified 45 absent bacteria in affected individuals compared with controls. Among these, 12 species were considered potential candidates for bacteriotherapy. Importantly, the strains are stored and available for further studies 76 .
Future perspectives
In addition to the contribution already made by the rebirth of culture described above, culturomics along with all of the culture-dependent approaches will open new areas of research that may have far-reaching applications.
Correction of microbiota composition. Several changes in the gut microbiota composition have been associated with disease. Culturomics may have a major role in the development of bacteriotherapies to treat alterations in the microbiota in the clinic.
C. difficile infections (CDIs) are the main cause of health-care-associated diarrhoea in elderly individuals who are receiving antibiotics. Studies exploring changes in the gut microbiota in CDI mainly found a decrease in microbial diversity 80, 81 and changes in the composition of different phyla and genera 82, 83 . Faecal microbiota transplantation (FMT) can restore this diversity 84, 85 . Some focused therapeutic approaches have attempted to replace whole FMT by the administration of several specific bacteria that are potentially protective against CDI recurrence. In the first study, two individuals were treated with a pool of intestinal bacteria 86 . A subsequent study reported a case series of 55 individuals who were treated with a mixture of bacteria, and more recently 87 , one study tested the oral delivery of SER-109, which is a capsule that contains intestinal bacteria selected by ethanol treatment 88 . In parallel, the administration of non-toxigenic C. difficile spores in CDI appears to be a promising therapeutic approach 89 . In this context, culturomic studies would enable the identification of new sporulated bacteria that could be effective against CDI.
Another recent example in which culturomics has been applied to the study of CDI is the discovery of the possible co-occurrence of C. difficile and Clostridium scindens in CDI 90 , although C. scindens had been suggested as a candidate against CDI 91 . Comprehensive studies of gut microbiota composition, including culturomic studies, will enable evidence-based selection of the required bacteria to replace FMT.
Correction of the microbiota composition may also be effective in the treatment of urogenital diseases. Bladder cancers are more frequently diagnosed in men than in women 92 . For a long time, this difference was thought to be due to a higher percentage of male smokers. However, an increased smoking rate in women has not led to a considerable increase in bladder cancer. In parallel, urine has long been considered sterile, but recent studies have shown that this is not the case 93 . Moreover, the urinary microbiota appears to be different in men and women 94 , with a notably higher proportion of Actinomycetes and Bacteroidetes species in men 94 . Remarkably, injections of Mycobacterium bovis, an Actinomycete, as a treatment for bladder cancer have been shown to prevent cancer relapse. This result merits a comprehensive analysis of urine composition by both metagenomic and culturomic approaches.
Bacterial vaginosis is an imbalance of the normal vaginal microbiota. It is characterized by a shift towards higher bacterial diversity with the depletion of the normal Lactobacillus-dominant microbiota, such as Lactobacillus crispatus and Lactobacillus jensenii, and the overgrowth of commensal anaerobic bacteria, such as Gardnerella vaginalis; A. vaginae; and the genera Anaerococcus, Clostridium, Peptoniphilus and Prevotella 95 . Similar to FMT, vaginal microbiota transplantation could be a solution for treating the mucosal microbiota imbalance by restoring beneficial vaginal microbial communities.
Therapeutic immunomodulatory effects.
The impact of commensal microorganisms -in particular those from the gut -on immunity has been suggested for a long time. Recent studies have revealed a role of the gut microbiota in shaping immunity. The absence of a microbiota was found to decrease the production of tumour necrosis factor (TNF); consequently, this decreased the efficiency of immunotherapy in an experimental model 96 . Using a mouse model to evaluate the role of the gut microbiota in the outcome of anti-cytotoxic T lymphocyte-associated protein 4 (CTLA4) antibody tumour immunotherapy, it was demonstrated that the absence of specific taxa (particularly orders Bacteroidales and Burkholderiales) decreased the efficacy of treatment. Oral administration of bacterial strains Bacteroides fragilis, B. thetaiotaomicron and Burkholderia cepacia restored the antitumoural effect of the anti-CTLA4 antibodies. The recovery of bacteria-specific T cells from treated individuals revealed that the efficacy of anti-CTLA4 antibodies partially relies on previous exposure to bacterial commensals. Treatment efficacy of melanoma using CTLA4 blockers was found to depend on the gut microbiota composition in individuals receiving therapy 97 . The gut microbiota (notably Bifidobacterium spp.) was found to be involved in the onset of melanoma in an animal model;
Faecal microbiota transplantation
The transfer of faecal material from a healthy individual into an individual with a condition.
Box 2 | New species announcements
Culturomics is an efficient strategy for isolating unknown microorganisms. When an isolate is not identified by MAlDI-ToF after three attempts, sequencing of the 16S ribosomal RNA (rRNA) gene is performed. If the similarity to the closest official strain is less than 98.65%, then the isolate could be a new species. The number of new species identified using the culturomic strategy can vary from 1 to 25 per week. Indeed, a new rapid method has been developed to publish a new species that includes information on the main taxonomic and phenotypic characteristics of new species. Thus, a 'new species announcement' is a new article format that briefly describes the origin of samples from which strains were isolated and the primary growth conditions 115 . The main morphological characteristics are described, including the size and morphological aspect (that is, such as colour and shape) of colonies and the size and Gram staining of the cells. The presence of catalase and oxidase activities is also noted. The taxonomic classification of the newly studied species is shown on a phylogenetic tree, which is presented as a figure showing the localization of the species within its phylum. The results of the 16S rRNA gene similarity analysis, which identifies the most closely related species with a valid published name, are also mentioned. lastly, the etymology of the name for the new species is presented. The new species announcement is an efficient method for quickly publishing new species as it is not possible to sequence new species, annotate their genomes and publish their complete descriptions at the same speed as their discovery by culturomics. All the complete descriptions, including genome sequencing, are performed later.
administration of Bifidobacterium spp. enhanced antiprogrammed cell death 1 ligand 1 (PD-L1) cancer immunotherapy 98 . In addition, the microbiota also affected the toxicity of these treatments 99, 100 . It was demonstrated that Enterococcus hirae and Barnesiella intestinihominis enhanced the efficacy of cyclophosphamide, a common alkylating immunomodulatory agent, in individuals receiving treatment for lung or ovarian cancers 101 . It was recently demonstrated that antibiotic therapy before immunomodulatory treatment significantly decreased the efficiency of programmed cell death protein 1 (PD-1)-based immunotherapy treatment against advanced epithelial cancers
102
. Culturomics is an important application in this research field and could lead to the development of new anticancer treatments, which will probably rely on the modulation of the microbiota 103 .
The discovery of new antimicrobial agents. As bacteria are a major source of several classes of antimicrobial agents that are widely used to treat human infections 104 the expansion of the bacterial repertoire using culturomics may lead to the discovery of new antimicrobials. In addition, bacteriocins (protein or peptide toxins that are produced by bacteria and can inhibit the growth of closely related species) can be produced by members of the human gut microbiota 105, 106 . However, owing to their narrow activity spectrum, their applications are currently limited to food preservation 107 . Interest in bacteriocins has increased as human microbiome studies have found many putative genes encoding these antimicrobial agents 108, 109 . Intriguingly, the vagina, respiratory tract and oral cavity harbour the most diverse reservoirs of bacteriocins outside of the gut microbiota 109 . The human microbiome as a potential source of new antimicrobials was supported by the recent discovery of lugdunin 109 , a peptide that is produced by a Staphylococcus lugdunensis nasal strain that inhibits colonization by Staphylococcus aureus. In addition, this peptide is active against several Gram-positive pathogens, including Listeria spp., pneumococci and enterococci. A recent study demonstrated that several strains belonging to the order Clostridiales exerted inhibitory activity against Listeria monocytogenes in vitro and in vivo 110 . By providing a wide array of uncharacterized taxa and multiple strains per species, the isolates cultured by culturomics potentially represent a source of novel antibiotics.
Conclusions
We are currently witnessing a paradigm shift in which the manipulation of the human microbiota is holding promise for the treatment of infections, such as CDI 85 , and in the treatment of diseases that are associated with changes in the microbiome, such as cancer 97, 101, 103 . The foundation of this approach is the concept of probiotic microorganisms (as defined by Metchnikoff 4 ), for example, Saccharomyces boulardii, which was used to treat diarrhoea 111 . This conceptual revolution, however, needs to rely on a sound knowledge of the microbial community inhabiting the human gut. For this purpose, substantial efforts to discover new taxa by culture are required to uncover the remaining 80% of unknown bacteria that are considered to be unculturable. In addition, these bacteria have to be incorporated into databases commonly used in metagenomic studies. In return, sequencing studies could prompt targeted culturomic approaches to culture OTUs of interest, emphasizing the complementarity between culture-dependent and culture-independent studies. This emphasis would enable the precise identification of microorganisms that are absent in specific diseases. Although FMT has a role in the treatment of CDI and more recently, in Crohn's disease 112 , it does not appear to have any other therapeutic potential in its present formulation. For 'oncomicrobiotics' (that is, bacterial therapies that increase the efficacy of immunomodulatory treatments for cancer) 101 , a cocktail of beneficial bacteria that are selected depending on the pathology and profile of an individual's gut microbiota may be more effective than a standard formulation. In conclusion, large-scale production, including fermentation steps for these beneficial bacteria (which are often difficult to culture), in combination with good medical practices could be the key to transforming bacteriotherapy for diseases that are associated with changes in our microbiota.
